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Abstract 
This paper is focused on deriving an analytical solution to predict the transient temperature distribution on the plate 
during the process of Submerged Arc Welding (SAW). An analytical solution is derived from the transient three-
dimensional heat conduction equation. The energy input that is applied on the plate is taken as the volume of heat lost 
from the electric arc and the kinetic energy of filler droplets specifically driven by gravity, electromagnetic force, arc 
drag force, carring mass, momentum and thermal energy. These driving forces periodically impinge onto the base 
metal, leading to a liquid weld puddle. The electric arc is assumed to be a moving double central conicoidal heat 
source with a close proximity to a Gaussian distribution. It is observed that the predicted values are in good 
agreement with the experimental results. HAZ width calculation is also done with the help of the analytical solution 
of the transient-three dimensional heat conduction equation. Analyses of micro-structural changes are critically 
investigated to comprehend the HAZ softening and phenomena.  
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1. Introduction 
More than forty years ago there the first attempt was reported to model a travelling point heat source for 
the case of welding process. The stationary and dynamic heat sources are frequently modeled for many 
manufacturing processes. In recent years, application of localized heat source has been employed for laser 
and electron beam based methods in material processing, such as welding, cutting, heat treatment of 
metals and manufacturing of electronic components[1-2]. Nyguyen, et al.[3] derived  analytical solution 
for the transient temperature field of the semi infinite body subjected to 3-D power density of a dynamic 
heat source (such as semi-ellipsoidal and double ellipsoidal heat source). However, the results are not 
satisfactory with the single semi-ellipsoidal 3-D heat source with respect to the double ellipsoidal one. 
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Arc welding heat source is function of arc current, voltage and travel speed of electrode [4]. During 
welding due to the generation of high volume of heat electrodes are melted consequently molten spherical 
droplets [18] are formed. As high heat is generated in the vicinity of the welded zone, another zone is also 
formed where the microstructure is significantly different from microstructure of the base metal [5]. 
Investigation of on this phenomenon is crucial for determining the strength of the welded zone. 
In this paper an analytical solution is derived from transient three-dimensional heat conduction equation. 
HAZ width calculation and analysis of microstructure changes are also considered to comprehend the 
HAZ softening phenomenon. 
Nomenclature 
T Temperature 
Į  Thermal Diffusivity 
2. Experimental Procedure:
The experiments were conducted as per the design matrix randomly to avoid errors due to noise factors. 
The structural steel work piece (300x150x20 mm - 2 pieces) is cut and V groove of angle 60o as per the 
standards are prepared. The job was firmly fixed to a base plate by means of tack welding and then the 
submerged arc welding was finally carried out. The welding parameters were recorded during actual 
welding to determine their fluctuations, if any. The slag was removed and the job was allowed to cool 
down. Welding is carried out for the square butt joint configuration. The job was cut at three sections by a 
hacksaw cutter and the average values of the penetration, reinforcement height and width were recorded 
using digital venire caliper of least count 0.02mm.
During welding, temperatures are recorded at different points of the welded plates by Infrared 
thermometer were measured.
Fig-1: Bead geometry, P-Penetration, L-Reinforcement height, B-Bead Width 
Table -1: Observed Values for Bead Parameters for HAZ analysis 
Sl.No. Job 
No. 
Voltage(V) Current(A) Travel 
Speed(cm/min) 
Penetration 
(mm) 
Reinforcement 
Height(mm) 
Bead Width 
(mm) 
1 A1 25 350 17 6.70 2.38 17.96 
2 A2 35 350 17 3.72 2.34 21.90 
3 A3 25 450 17 6.69 3.16 21.00 
4 A4 35 450 17 8.26 2.76 30.92 
5 B1 25 350 30 5.28 1.00 13.94 
6 B2 35 350 30 4.58 1.78 20.12 
7 B3 25 450 30 6.60 2.25 15.90 
8 B4 35 450 30 7.78 1.94 22.66 
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3. Prediction of Temperature distribution: 
Gaussian Heat Distribution: 
Fig-2A: Sketch of the work piece (semi-infinite 
body) for submerged Arc Welding process 
Fig-2B: Proposed Double central conicoidal heat 
source in which heat is distributed in a Gaussian 
manner throughout the heat source’s volume [26] 
Fig.-4: Heat source volume/shape in which heat flux is distributed in a Gaussian manner throughout the 
heat source’s volume 
Initially proposed a semi-Central Conicoidal heat source in which heat is distributed in a Gaussian 
manner throughout the heat source’s volume. The heat density Q(x, y, z) at a point(x, y, z) with in semi-
central Conicoidal is given by the following equation: 
Q(x, y, z) = A                                                                                                               (1) 
Or 2Q0 = dxdydz                                                                                                   
Or A=  × Q0                                                                                                                                                                                                        (2) 
 Q(x, y, z) =  × Q0                                                                                             (3) 
Where a, b, c are the central conicoidal heat source parameters,(x,y,z) moving coordinates of the heat 
source; Q0=I×V× ; V,I, =welding voltage, current and arc efficiency. Arc efficiency is taken 1 for 
submerged arc welding process. 
 Analytical solution: Transient temperature field of central Conicoidal heat source in a semi-infinite body 
is based on solution for the instant point source that satisfied the following differential equation of heat 
conduction of fixed coordinates [14]. 
ǯ = ×exp (- )                                                                   (4)                          
Where Į=thermal diffusivity, C=specific heat, ȡ=mass density; t, t’ =time; dTt’=transient heat source due 
to the point heat source dQ at time t’ ;( x’, y’, z’) = location of instant point heat source dQ at time t’. Let 
us consider the solution of an instant double central Conicoidal heat source as a result of superposition of 
a series of instant point heat source over the volume of the distributed Gaussian heat source. Substitute 
eqn.No. [3] into eqn.No.[4] and integration over the volume of 
theuheatusourceuofudoubleucentralsconicoidalsgives   
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dTt’= ×
×dx’dy’dz’   (considering double central conicoidal heat source)                                                          (5)                   
 Where, So, ff=   ; fb=     (ff, fb =proportion coefficient representing heat appointment in 
front and back of the heat source)                                                                                                                   
When heat source is moving with constant speed v from time t’=0 to t’=t, the increase of temperature 
during this time is equivalent to the sum of all the contributions of the moving heat source during the 
travelling time as   
T –T0= × [ × [ × 
      +  }]                                                                         (6)                   
Graphical representation of temperature distribution recorded by Infrared Thermometer:  
Fig-3: Temperature distribution at various points on the plate surface for square butt welding of 15 mm 
thick plate w.r.t. time (for B4 job; heat input-2.84kj/mm). 
Fig-4:Comparison of Predicted and Experimental Temperature distribution at the position of 10 mm away 
from weld line on the plate top surface for square butt welding of 15 mm thick plate. 
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Both numerical and experimental results from this study have showed that the present analytical solution 
could offer a very good prediction for transient temperatures near the weld pool, as well as simulate the 
complicated welding path. Furthermore, very good agreement between the calculated and measured 
temperature data indeed shows the creditability of the newly found solution and potential application for 
various simulation purposes, such as HAZ width calculation, Weld bead geometry calculation, residual 
stress calculations and microstructure modeling etc. 
Prediction of HAZ width: The heat-affected zone (HAZ) is the area of base material, either a metal or a 
thermoplastic, which has had its microstructure and properties altered by welding or heat intensive cutting 
operations. The heat from the welding process and subsequent re-cooling causes this change in the area 
surrounding the weld. The extent and magnitude of property change depends primarily on the base 
material, the weld filler metal, and the amount and concentration of heat input by the welding process. 
The thermal diffusivity of the base material plays a large role—if the diffusivity is high, the material 
cooling rate is high and the HAZ is relatively small. Alternatively, a low diffusivity leads to slower 
cooling and a larger HAZ. The amount of heat inputted by the welding process plays an important role as 
well, as processes like oxyfuel welding use high heat input and increase the size of the HAZ. Processes 
like laser beam welding and electron beam welding give a highly concentrated, limited amount of heat, 
resulting in a small HAZ. Arc welding falls between these two extremes, with the individual processes 
varying somewhat in heat input.From the literature it also has been found that HAZ width is increased 
with the increase of heat input[21].So HAZ width of a structural steel is the region heated from 973K  to 
the temperature just below the melting temperature(i.e.1684K) .Putting these values in equation No [6] 
HAZ width(s) have been calculated which is tabulated below. 
Table 2: Predicted HAZ width(s) 
Sl.No. Job 
No. 
Predicted 
HAZ 
width(mm) 
1 A1 3.0 
2 A2 3.2 
3 A3 3.1 
4 A4 3.5 
5 B1 2.1 
6 B2 1.9 
7 B3 1.8 
8 B4 3.0 
Validation of predicted data of HAZ width: 
Fig.-5: Hardness variation on different grid points as shown in fig.-8  for B4 Job (heat input=2.84 kj/mm) 
of table No-1. 
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       Microstructure Analysis for the Job (heat input 2.84 Kj/mm): 
Fig-6A: Microstructure at the welded zone of 50 Magnification 
for 2.84 kJ/mm Heat Input. 
The alignment of the grain formation confirms the directional 
component of the grain growth for the sub merged arc welding 
process of 2.2 kJ/mm heat input.  
Fig-6B: Microstructure at the non-welded zone of 50 
Magnification for 2.84 kJ/mm Heat Input 
Here more softening portion (non welded zone) w.r.t welded 
portion . 
It has been found from the fig-9 that at just below the fusion zone, the hardness values are low (indicated 
by red mark) and from fig.12 , grain growth have been found at just below the fusion zone and that is why 
the decrease in strength is observed. Around 3 mm in both side at just below the fusion zone the hardness 
values are comparatively low. This low hardness and prominent grain growth portion is the heat affected 
zone (HAZ). Above description proves that HAZ width approximately 3 mm for 2.84 kJ/mm heat input in 
welding process which is having a good agreement with the above predicted HAZ width data (table-3). 
Conclusion 
1. Heat distribution on welded plate is central Conicoidal shape for Submerged Arc Welding 
process. 
2. Transient temperature distribution on welded plate can be calculated with the help of Gaussian 
Central Conicoidal Heat distribution technique. 
3. HAZ width of a structural steel is in the region heated from 973K  to the temperature just below 
the melting temperature(i.e.1684K)  
4. Existence of prominent grain growth provides the confirmatory evidence of the HAZ softening 
phenomenon. In the welded portion, grain refinement occurs in most of the region due to the 
heating and cooling cycle of SAW method. Predominant direction of the grain growth is clearly 
observed from the photograph of the microstructure. This grain formation is distinctly revealed 
in the magnification (50,100) for the heat input of 2.84 kj/mm.  Hall Petch equation states the 
strength of the metal is to vary reciprocally with size of subgrain.The similar phenomenon is also 
revealed in case of hardness. In the context of this equation one can say that the hardness of the 
grain growth portion will also manifest lower values related to higher grain sizes. In the grain 
growth portion of the welded region longer grains have been found depicting the chances of 
dislocation, slip, low yield strength and low hardness values measured in Rockwell scale B. 
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